The gag-pal protein of Rous sarcoma virus (RSV), the precursor to the enzymes responsible for reverse transcription and integration, is expressed from two genes that lie in different translational reading frames by ribosomal frameshifting.
Summary
The gag-pal protein of Rous sarcoma virus (RSV), the precursor to the enzymes responsible for reverse transcription and integration, is expressed from two genes that lie in different translational reading frames by ribosomal frameshifting.
Here, we localize the site of frameshifting and show that the frameshifting reaction is mediated by slippage of two adjacent tRNAs by a single nucleotide in the 5' direction. The gag terminator, which immediately follows the frameshift site, is not required for frameshifting.
Other suspected retroviral frameshift sites mediate frameshifting when placed at the end of RSV gag. Mutations in RSV pal also affect synthesis of the gag-pal protein in vitro. The effects of these mutations best correlate with the potential to form an RNA stem-loop structure adjacent to the frameshift site. A short sequence of RSV RNA, 147 nucleotides in length, containing the frameshift site and stem-loop structure, is sufficient to direct frameshifting in a novel genetic context.
introduction
The vast majority of eukaryotic mRNAs are monocistronic (Kozak, 1987) . Unlike their prokaryotic counterparts, eukaryotic ribosomes tend not to initiate at internal methionine codons, and thus translation on a eukaryotic mRNA is usually limited to the open reading frame that follows the first AUG codon (Kozak, 1978) . Consequently, there are very few examples of coordinate synthesis of multiple protein products from individual eukaryotic mRNA species (Kozak, 1986) . There is an emerging class of eukaryotic mRNAs, however, that do encode multiple proteins, not by controlling where ribosomes begin translating but where they finish, either by the suppression of in-frame termination codons or by ribosomal frameshifting (Glare and Farabaugh, 1985; Mellor et al., 1985; Yoshinakaet al., l985a, 198%; Jacks and Varmus, 1985; Mooreet al., 1987; Jacks et al., 1987 Jacks et al., , 1988 Brierley et al., 1987) . In all known retroviruses, thepolgene (encoding the reverse transcriptase and integrase functions) lies downstream of thegag gene, which codes for the virus core proteins (Weiss et al., 1982) . Retroviruses arrange their gag and pal genes in one of three ways: in the same reading +rame, separated by a single termination codon; in different reading frames, with pal briefly overlapping gag in the -1 direction; or with a third gene (encoding the viral pro-tease, termed pro) between gag and poi and overlapping both (Varmus, 1988) . Despite these apparent blocks to continuous translation, all retroviruses initially expresspoi by first synthesizing a gag-pal (or gag-pro-pal) fusion protein that is later cleaved during virus assembly to yield the mature products, The ratio of this fusion protein to the product of the gag gene alone is approximately 1:20 (Weiss et al., 1982) . Yoshinaka et al. (1985a) first showed by direct amino acid sequencing that the termination codon separating the murine leukemiavirus (MLV) gag and pal genes is efficiently suppressed by a glutamine-charged tRNA. In vitro transcription and translation methods were then used to demonstrate ribosomal frameshifting during expression of the gag-pal protein of Rous sarcoma virus (RSV) (Jacks and Varmus, 1985) and human immunodeficiency virus type 1 (HIV-19 and double frameshifting in the synthesis of the mouse mammary tumor virus (MMTV) gag-pro-pal protein (Jacks et al., 1987; Moore et al., 1987) . The genomic sequences of several other retroviruses indicate that they utilize one of these three strategies to express their pal genes (Varmus, 1988) .
In this report, we examine the sequence requirements for ribosomal frameshifting during translation of retroviral RNAs, using RSV as a model system. Radiolabeled amino acid sequencing and site-directed mutagenesis were used to localize the precise site of frameshifting in RSV RNA to the last gag codon, a UUA-leucine, and suggest that the -1 frameshift is mediated by the simultaneous slippage of two tRNAs, the UUA-reading tRNALeU and the one preceding it, by one nucleotide in the 5'direction. Certain other sequences will functionally substitute for the natural RSV sequence at the frameshift site, including the sequences A AAA AAC and U UUA AAC, which are suspected to be the sites of frameshifting in other retroviral RNAs.
However, these signals appear insufficient since we have previously shown that certain retroviral frameshift sites fail to allow ribosomal frameshifting in a heterologous genetic context. We have proposed that potential stem-loop structures positioned just downstream of all known or suspected frameshift sites are a second necessary element in the frameshifting process (Jacks et al., 1987 . We now demonstrate by deletion and sitedirected mutagenesis of the 5'region of RSVpolgene that a stem-loop structure is required for efficient frameshifting in vitro for this virus. In addition, a 147 nucleotide sequence containing the RSV frameshift site and stem-loop structure is sufficient to cause efficient ribosomal frameshifting when placed in a heterologous context.
Results

Common Sequences within Biffe Retroviral Overlap Regions
Site-specific frameshifting within the various retroviral overlap regions was first suggested by the observation that each of these regions contains one of three common Common heptanucleotide sequence motifs are present in all retroviral overlaps known or presumed to contain sites of frameshifting. The heptanucleotides are shown in boldface type along with their neighboring sequences and the distance (in nucleotides) between the 3' nucleotide of the heptameric sequence and the 3' end of its overlap (as delineated by the first nucleotide of the O-frame termination codon). Sequences are grouped according to their final three nucleotides; these constitute a codon in the upstream (e.g., gag) gene. Two of these codons, UUA and AAC, have previously been identified as the sites of frameshifting (see text). Evidence that the entire heptanucleotide sequence may participate in the frameshifting reaction is presented in this report. References for nucleotide sequences: RSV (Schwartz et al., 1983) ; HIV-I Ratner et al., 1985; Sanchez-Pescador et al., 1985) ; HIV-2 ; simian immunodeficiency virus (SIV) (Chakrabarti et al., 1987) ; gypsy (Marlor et al., 1986) ; MMTV (Jacks et al., 1987; Moore et al., 1987) ; SRV-1 (Power et al., 1986) ; Mason-Pfizer monkey virus (MPMV) (Sonigo et al., 1986) ; 17.6 (Saigo et al., 1984) ; mouse intracisternal A particle (IAP) (Meitz et al., 1987) ; bovine leukemia virus (BLV) (Sagata et al., 1985; Rice et al., 1985) ; human T cell leukemia virus type 1 (HTLV-1) (Hiramatsu et al., 1987) and type 2 (HTLV-2) (Shimotohno et al., 1985) ; equine infectious anemia virus (EIAV) (Stephens et al., 1986) ; and visna virus sequences. (The overlap regions are delineated on the 3' side by the termination codon of the upstream [e.g., gag] open reading frame and on the 5'side by the termination codon that demarcates the beginning of the downstream open reading frame [e.g., poll). As shown in Table 1 , several overlaps, including the gag/pa/ overlaps of RSV and HIV-l, contain the sequence U UUA (where the UUA is a leucine codon in the 0 frame). One of two other sequences, U UUU or AAAC, appears in each of the remaining overlaps (Table 1) . We have previously proposed that -1 frameshifting might occur at these sequences if the tRNAs reading the O-frame codons occasionally slipped back and paired with the codons in the -1 frame . In fact, amino acid sequencing has shown that two of these sequences, U UUA and A AAC, are the sites of frameshifting during HIV-l gag-pal and MMTV gag-pro expression (Hizi et al., 1987) , respectively, and the amino acid sequences are consistent with the proposed mechanism.
The sequence similarity among the different retroviral overlaps actually extends 5' to the putative frameshift sites. Table 1 shows that in all but one of the overlaps, the three common sequences are preceded by runs of three U, A, or G residues, creating similar sequence motifs that are seven nucleotides in length. (The U UUA sequence in the MMTVpro-poloverlap, the sole exception, is preceded by the sequence GGA.) Similar heptameric sequences are found in the gag/pal overlaps of two retrotransposons of Drosophila, 776 and gypsy, and the mouse intracisternal A particle (Table 1) .
The Simultaneous-Slippage
Model of Frameshiftin One unifying explanation for the observed arrangement of nucleotides at and upstream of the putative frameshift sites is that two adjacent ribosome-bound tRNAs are required to slip into the -1 frame during retroviral frameshifting. This model is shown in some detail for the RSV sequence A AAU UUA in Figure 1 . In step i, normal translation delivers a ribosome to the final two codons of gag such that the UUA codon is in the ribosomal A site being read by tRNALeU. The nascent protein is carried by the tRNAASn reading the AAU codon in the P site. Simultaneous slippage of these two tRNAs by one nucleotide in the 5' direction leads to the conformation shown in step II, where both tRNAs are base paired to the mRNA in two out of three anticodon positions. This interaction is made possible by the A and U residues 5' to the AAU and UUA codons, respectively. Next, normal peptidyl transfer of the nascent protein to the tRNALeU and translocation of this tRNA to the P site brings the first pal-frame codon (AUA) tRNAAS" carrying the nascent peptide (jagged line) and tRNALeU are shown bound to the gag-frame codons, AAU and UUA, in the ribosomal P and A sites (step I). Simultaneous slippage of the two tRNAs by one nucleotide in the 5' direction results in their complexing with the adjacentpoCframe codons, AAA and UUU, with base pairs (bars) in the first and second codon positions (step II). Normal peptidyl transfer and three-nucleotide translocation brings the next pal-frame codon, AUA, into the A site (step Ill), where it is decoded by tRNArre (step IV). Note that the slippage could also occur following peptidyl transfer and prior to translocation.
Furthermore, sequences of the tRNA anticodons shown in this model are based on standard Watson-Crick base pairs, The actual anticodon sequences are not known (see text).
into the A site (step Ill), where it is normally decoded by tRNArre (step IV). The other suspected frameshift sites listed in Table 1 would allow slippage by these or other tRNA species in a similar manner.
Amino Acid Sequencing at the gag-pal Junction As a first step in testing the model presented in Figure 1 , we used amino acid sequencing to demonstrate that the proposed frameshift site is, in fact, the point where ribosomes begin translation in the pal frame. We replaced nearly the entire RSV gag gene with an initiator methionine and two additional codons such that the position of translational initiation is just ten codons from the proposed site of frameshifting ( Figure 2A ). This plasmid, pGP-S, also has a portion of the Staphylococcus aureus protein A gene replacing the carboxyl terminus of RSVpol in order to facilitate purification of the resulting "transframe" protein (the product of frameshifting) using IgG-Sepharose. pGP-S retains the pal nucleotides predicted to form the stem-loop discussed below.
ff the gag-frame UUA-leucine codon is the site of frameshifting, translation of pGP-S-encoded mRNA should proceed normally until the ribosomes decode this codon (the eleventh). The simultaneous-slippage model ( Figure  I ) calls for the pal-frame AUA-isoleucine codon to be the next decoded. Thus, the amino acid sequence of IgG-Sepharose-purified material from translation of GP-S RNA should include leucine at position 11 and isoleucine at position 12. If frameshifting on GP-S RNA occurs upstream of the UUA codon, the eleventh decoded triplet would be the pal-frame UUU-phenylalanine ( Figure 2A) , and the resulting transframe protein would contain phenylalanine at position 11 ( Figure 2A ). Because UUAleucine is the last codon in the overlap (Figure 2A ), productive frameshifting cannot occur downstream of this site.
The histograms shown in Figure 2C The peaks of radioactive leucine and isoleucine at positions 11 and 12, respectively, and the lack of radioactive phenylalanine confirm that the site of frameshifting is the terminal gag codon, UUA. The other observed peaks correspond to the methionine residue at position one and leucine residues at positions 4,6, and 8 in the gag frame and position 18 in the pal frame (Figure 2A and 6) . Thus, the amino acid sequence encoded at the frameshift site is consistent with the proposed model ( Figure 1 ).
Site-Directed Mutations in the Frameshift Site
While the determined amino acid sequence supports the simultaneous-slippage model, other models (for example, two-nucleotide translocation by the tRNALe" or siippage of this tRNA while resident in the ribosomal P site) would predict the same amino acid sequence. To test our model more directly, we constructed a series of site-directed mutations in and around the RSV frameshift sit@. To facilitate discussion of these mutations, the nucleotide positions have been numbered as shown in Figure 3A . (The first position of the UUA codon is designated +I, with positive and negative integers proceeding 3' and 5', respectively.) The mutations were constructed by oiigonucleotide-directed mutagenesis (see Experimental Procedures) in an SP6 promoter-containing plasmid carrying the complete RSV gag gene and about one-third of the pal gene; frameshifting was assayed by the ability of RNAs transcribed from these mutants to direct synthesis of a 106 kd gag-pal fusion protein in a rabbit reticulocyte lysate in vitro translation system.
According to the simultaneous -1 slippage model (Figure I) , the seven nucleotides extending from the A residue at position -4 through to the A residue at position +3 (Figure 3A) participate in the frameshift event as part of the 3 and -1 frame codons bound by the frameshiftmediating tRNAs. The model predicts that mutations in these seven positions may be inhibitory. Conversely, the nucleoFides neighboring the heptameric sequence play no obvious role in this mechanism; thus, mutations in these positions should be silent. (Melton et al., 1984) was cloned a sequence composed of an initiator methionine codon and two additional codons (Arg and Ser) followed in frame by the 3' end of the RSV gag gene, beginning with the leucine codon located seven codons upstream of the gag terminator. (The amino terminus of the protein encoded by RNA transcribed from pGP-S, Met-Arg-Ser-Leu, is not acetylated in the rabbit reticulocyte lysate system [Jacks et al., 19881.) Following approximately 250 nucleotides of RSV pal sequence in pGP-S is a segment of the S. aureus protein A gene (Uhlen et al., 1983) in frame with pal. Thus, the transframe protein encoded by GP-S RNA is readily purified using IgG-Sepharose (Nilsson et at., 1965) . The nucleotide sequence of the S'end of this hybrid gene is shown along with the translation in the gag frame (above the nucleotide sequence) and pal frame (below the sequence and in italics). Mutations in Positions -7 through +2 Abolish Frameshifting: Support for tRNALeU Slippage Slippage by the tRNALeU from the gag frame into the pal frame requires the integrity of the run of three U residues in positions -1 to +2. A mutation in the 5'-most U residue would impair the ability of the tRNALeU to slip back. Mutation of the following two U residues would change the O-frame codon and thereby specify a tRNA that would be less likely to slip back given a U at position -1. As shown in Figure 36 , mutation of any of these three U residues to any other nucleotide severely inhibits frameshifting efficiency. Translation of RNAs carrying these mutations results in undetectable amounts of the gag-pal protein ( Figure 3B ). Thus, -1 slippage of the tRNALe" is k-rdicated.
Frameshifting
Is Not Affected in the gag Terminator If the tRNA'-e" slips into the pal frame while resident in the P site (Figure l) , mutations in the upstream AAUasparagine codon (and the A preceding it) will adversely affect frameshifting and those in the downstream gag termination codon will not.
The proximity of the gag terminator to the frameshift site is a provocative finding, especially in light of the enhancement of frameshifting in Escherichia coli by S'neighboring stop codons (Weiss et al., 1987) . However, whether the gag-ArgLeuThrAsnLeu*** -CCGCUUGpCAAAUUUAUAG~AGG (5) Fluorogram of a 10% SDS-polyacrylamide gel containing total %-labeled products of rabbit reticulocyte lysate translations directed by either wild-type (wt) or various mutant RSV RNAs. The specific mutations are indicated by their position (according to part A, above) and nuclec?ide change.
The positions of the gag and gag-pal proteins and molecular mass markers (in kd, at right) are indicated.
(C) Summary of mutational effects. The wild-type RSV sequence is shown horizontally, and possible base changes are listed vertically. Narrow and thick downward arrows indicate decreases in frameshifting efficiency of *5-fold and >10-fold, respectively. A narrow, upward arrow indicates a 2-fold increase in frameshifting efficiency. NC symbolizes no change in efficiency. Frameshifting efficiencies were calculated from the amount of radioactivity in excised ge! slices containing thegag and gag-polproteins after correction for differential methionine content. The estimates reflect data collected from at least three separate experiments. Blank entries indicate either that mutations were not constructed or that the nucleotide corresponds to the wild-type sequence. gag terminator was changed to a sense codon (positions +4 and +5 mutations and +6U), another stop codon (+6A), or was followed by a second stop codon (+7U), the observed frameshifting efficiency was unchanged (Figures 38 and 3C ). Note that those mutations that convert the gag terminator to a sense codon extend the gag open reading frame by 111 nucleotides (Schwartz et al., 1963) , resulting in a larger gag protein ( Figure 3B ). For at least one of these mutants (+6U), however, the site of frameshifting is unchanged, as determined from amino acid sequence analysis using a pGP-S derivative (see Figure 2A.) carrying this mutation (not shown).
Mutations in Positions -4 thfoug~ a2 inhibit Frameshifting, and a Mutatf~~ Further Upstream Does Not
The proposed model ( Figure 1 ) stipu!ates that frameshifting on RSV RNA occurs while the tRNALeU is in the ribosomal A site and involves the simultaneous siippage of this tRNA and the P-site tRNAASn. These aspects of the model are most strongly supported by the reduction in frameshifting efficiency observed upon mutation oi the three A residues in positions -4 to -2. of these A residues to C (-4C, -JC, and -2C) reduces frameshifting efficiency from the wild-typo value of 5% to approximately 1% (Figures 36 and 3C) . The -2U mutation has a similar inhibitory effect. As with the inhibition caused by mutations in the run of U residues, we attribute these deleterious effects to the specification of a tRNA with a decreased probability of slipping back (position -3 and -2 mutations) or to the disruption of the site to which the tRNAASn normally slips (-4C).
The nucleotides 5' to the -4 position should not influence frameshifting according to the simultaneousslippage model (Figure 1) . Indeed, conversion of the wildtype AC dinucleotide at positions -6 and -5 to GG does not alter the ratio of the gag to gag-pal protein (-6G -5G, Figures 3B and 3C ). Mutations Are Tolerated in the +3 Position: Multiple tRNAs Can Mediate Frameshifting in addition to favorable -l-frame base pairing by the tRNALeU and tRNAASn, we considered the possibility that frameshifting might require the action of specialized isoacceptor tRNA species having the unusual ability to slip into the -1 frame. The effects of the three mutations in the +3 position suggest that if such a requirement exists, it is not absolute. The mutations that convert the UUAleucine codon to either UUG-leucine or UUC-phenylalanine still allow efficient frameshifting. (The frameshift efficiencies of the +3G and +3C mutants are 5% and 3%; Figures 38 and C) . The +3U mutation (creating a UUU phenylalanine codon) actually enhances the frameshifting efficiency to lo%, twice the wild-type value.
More efficient frameshifting with the +3U mutant could mean that base-pairing potential in the -1 frame is solely responsible for how often tRNAs and, consequently, ribo-somes shift into the alternate reading frame. (tR?QAPhe would have three of three anticodon positions paired in the -1 frame on +3U RNA rather than two of three for tRNALeU on wild-type RNA.) Alternatively, frameshifting on the wild-type and all three +3 mutant RNAs might involve a specialized tRNALeU capable of decoding ail codons with the sequence UUN (where N can be any nucleotide). To distinguish between these possibilities, we placed the +3U mutation into pGP-S (see Figure 2A ) and determined the amino acid sequence at the frameshift site. The +3U-encoded transframe protein contains phenylalanine at position 11 followed by leucine at position 12 (encoded by thepol-frame codon UUA; not shown). Therefore, in the +3U mutant, frameshifting is mediated by a tRNAPhe. Other Retroviral Frameshift Signals Functionally Replace the RSV Signal The sequence at the end of the simian retrovirus type 1 (SRV-1) pro gene exactly matches the last seven nucleotides of RSV gag, except that the UUA codon is substituted with UUU (Table l) , the same substitution as in the RSV +3U mutant. Given the successful substitution by the presumed SRV-1 frameshift site, we next tested two other suspected frameshift sites, A AAA AAC and U UUA AAC (Table l) , for their ability to function in place of the natural RSV frameshift sequence. As shown in Figure 4 , frameshifting does occur on RNAs in which the last seven nucleotides of gag match these two sequences. The frameshifting efficiencies on these two RNAs are approximately 10% (Figure 4, lanes 2 and 3) . Converting the last residue of these heptanucleotide sequences from C to A causes a lo-fold reduction in frameshifting efficiency (Figure 4, lanes 4 and 5) . It is noteworthy that one of these mutations (lane 4) produces a run of seven consecutive A residues, yet the frameshifting efficiency is greatly reduced. This result argues that simple nucleotide redundancy is not sufficient to mediate frameshifting in this context and suggests that only certain A-site tRNAs may be competent to shift into the -1 frame. This point is strengthened by the failure of the final RSV mutant, one that replaces the RSV U UUA sequence with G GGG, to allow any detectable frameshifting (Figure 4, lane 7) .
Examining the Role of RNA Secondary Structure in Frameshifting:
Deletion Analysis of the RSV Stem-Loop Structure The analysis described above proves the importance of certain nucleotides at the RSV frameshift site during the frameshifting process. However, while these nucleotides are necessary for efficient frameshifting, we suspected that they might be an insufficient signal to direct ribosomes to change frame. Based on the failure of two frameshift sites of MMTV to cause frameshifting in a novel genetic context (Jacks et al., 1967) , we have proposed that potential stem-loop structures located downstream of ali retroviral frameshift sites might also be required to achieve high-level frameshifting (Jacks et al., 1967 . To begin to assess whether these stem-loop structures are relevant to frameshifting, we constructed a series of plasmids harboring progressive truncations of the RSV Figure  54 . Frameshifting efficiency was assayed by the ability of RNA synthesized in vitro from the mutant DNAs to yield a gag-pal (actually gag-pal-HIV pal) fusion protein upon translation in a rabbit reticulocyte lysate system.
With one exception, those mutations that leave the predicted stem-loop structure intact give rise to wild-type levels of the gag-pal protein (Figure 58, lanes 1-4) . Conversely, mutations that partially or completely disrupt the structure lead to much reduced levels of frameshifting ( Figure 58, lanes 6-8) . Unexpectedly, the mutant E, whose endpoint is the very last nucleotide of the predicted stem-loop structure, also shows reduced levels of frameshifting ( Figure 58, lane 5) . We will discuss this result in detail below.
A 147 Nucleotide RSV Fragment Is Sufficient to Frameshifting in a Novel Context We next used these deletion mutations to determine the minimum RSV RNA sequence sufficient to allow frameshifting in a novel genetic context. We replaced all but the iast 11 codons at the gag gene in each of the original mutants with a portion of the ground squirrel hepatitis B virus surface antigen (GS-sAg) gene such that the only RSV sequences in the resulting plasmids extend from just upstream of the frameshift site to the deletion endpoints (Figure 6A) .
As shown in Figure 6B , RNAs containing the four longest RSV inserts (GSA to GS-D) yield significant amounts of the transframe protein (the product of frameshifting) upon in vitro translation (lanes i-4) . The efficiency of frameshifting is approximately 5%, similar to that obtained with wild-type RSV RNA. The shortest fully functional RSV sequence, present in the GS-D derivative, is 147 nucleotides ( Figure 6B , lane 49. It is likely that the minimum RSV sequence capable of conferring frameshifting ability is shorter than this: the first 26 nucleotides of the RSV sequences lie upstream of the frameshift site and are presumably dispensable (see Figure 3) ; also, the 3' boundary for sufficiency probably lies between the endpoints of the fully functional D mutant and the defective E mutant (a distance of 23 nucleotides).
As in the initial deletion analysis, the E mutation, which removes sequences up to the base of the predicted stem, leads to greatly reduced frameshifting with the GS-sAg gene segment in place of the RSV gag gene ( Figure 6B , lane 5). The final three GS derivatives carry still fewer of the RSV stem-loop nucleotides and make even less or no transframe protein ( Figure 6B, lanes 6-8) .
Disrupting Base Pairs within the Stem Reduces Frameshifting Efficiency; Restoring Rescues It
The results presented above suggest that the RSV stemloop is required for efficient frameshifting but show definitively only that certain sequences within pal are important in this event. To test directly whether the stem-loop structure itself, and not merely its primary sequence, influences frameshifting, we investigated the effects of specific stemdestabilizing and -restabilizing mutations.
Beginning with a plasmid carrying the wild-type RSV gag gene and a portion of the RSV poi gene, we constructed two site-directed mutations that each disrupt the same five consecutive base pairs (located in the center of the predicted stem) by converting to their complements Figure 5A ). The positions of the uniframe protein (the N-terminal GS-sAg protein produced in the absence of frameshifting) and transframe protein (GS-sAg-RSV gag-p&HIV pal fusion protein product of frameshifting) are shown along with the positions of molecular mass standards (in kd, at right). the five relevant nucleotides in the S'arm (pSM1) or S'arm (pSM2) of the stem ( Figure 7A ). These mutations should severely destabilize the stem structure. We also combined the two mutations in the plasmid pSM1+2; SM1+2 RNA should form a stem-loop structure similar in thermal stability to that of wild-type RSV RNA but different from wildtype in ten nucleotide positions in the central portion of the stem.
As shown in Figure 78 , frameshifting on an RSV RNA correlates with the presence of a stem-loop structure. The frameshifting efficiency of the SM-1 and SM-2 mutants is reduced greater than IO-fold as compared with the wildtype level ( Figure 7B, lanes l-3) . In contrast, when the two mutations are present together in the same RNA, restoring the potential for base pairing in the stem, the frameshift efficiency returns to approximately 2.50/o, onehalf the wild-type value ( Figure 7B, lane 4) . The predicted stem-loop structure of wild-type RSV RNA and three mutant derivatives. The wild-type stem-loop structure shown is a simplification of that shown in Figure 5A . The mutants SMI and SM2 have five consecutive bases in the 5'or 3'arms of the stem changed to their complements. SMi+2 RNA carries both mutations present in SMI and SM2 and thus can reform a stem structure. The mutants were constructed as described in Experimental Procedures. (B) Fluorogram of a 10% SDS-polyacrylamide gel of total 35S-labeled translation products of a rabbit reticulocyte lysate translation of wildtype RSV (wt), SMl, SM2, or SM1+2 RNA. The positions of the gag and gag-pal proteins and molecular mass standards (in kd, at right) are indicated.
Discussion
The discovery of ribosomal frameshifting in RSV and other retroviruses has brought to light a previously unrealized mechanism for gene expression in higher eukaryotic cells. Understanding the details of the frameshifting reaction as it occurs in retroviral gene expression may lead to the discovery of programmed frameshifts in cellular genes and should address a more general problem in translation: the accurate maintenance of reading frame.
Mechanisms of Frameshifting:
Slippery Homopolymeric or "slippery" sequences have been proposed to account for frameshifting in many genes in many systems. Runs of U residues have been implicated in the -1 frameshifting during translation of gene 70 of bacteriophage T7 (Dunn and Studier, 1983) and in the +I and -1 frameshifts inferred from the activity of leaky frameshift alleles of the yeast mitochondrial gene oxil (Fox and Weiss-Drummer, 1980) . The very efficient frameshift in the release factor 2 gene of E. coli (RF2) involves mispairing of the terminal O-frame tRNA to the overlapping +l-frame codon (Craigen et al., 1985; Weiss et al., 1988) . tRNA slippage by one or a few nucleotides in the 5' and 3' direction along several synthetic homopolymeric runs has recently been observed in E. coli by Weiss et al. (1987) .
Simultaneous Slippage
The amino acid sequence at the RSV gag-pal frameshift site and the results of the site-directed mutagenesis presented here indicate that ribosomal frameshifting in RSV (and, by analogy, other retroviruses) is also mediated by slippage of tRNAs along homopolymeric sequences. However, the mechanism of frameshifting as it occurs in retroviral genes differs from those discussed above in that two adjacent tRNAs slip into the alternate (-1) frame. Thus, for RSV an A-site tRNALeU and P-site tRNAASn move from the last two gag codons into the pal frame, adopting a two-out-of-three base pair, anticodon-codon configuration. The requirement for at least two-of-three complementarity between the A-site tRNA and the -l-frame codon seems absolute since any change that disrupts the run of three U residues that determines this pairing abolishes frameshifting. The role of the tRNA reading the P-site codon at the RSV frameshift site, while important, is less critical. Mutations in the run of three A residues responsible for the 0 and -1 frame interactions of the tRNAASn lower the frameshifting efficiency by approximately 5fold, but the gag-pal protein is still readily observed. Consistent with the more relaxed P-site requirements is the presence of several different P-site codons in various retroviral frameshift sites while only three A-site codons are observed (see Table 1 ). Further mutagenesis experiments are needed to define better the requirements for the P-site codon-anticodon interaction.
echanism of Frameshifting:
Shifty tRNAs Although the complementarity between the -l-frame codons and the anticodons of the tRNAs responsible for frameshifting on the RSV site is necessary for efficient frameshifting, such complementarity alone is insufficient to account for frameshifting in this setting. For example, given the appropriate nucleotides upstream, the sequences U UUA, U UUU, and A AAC allow frameshifting to occur when present at the end of RSV gag, while the sequences A AAA and G GGG are much less effective. The suggestion that only certain, specialized "shifty" tRNAs are competent to sample the alternative reading frames for suitable base-pairing interactions is also supported by the observation that in all of the documented or suspected retroviral frameshift sites (one of which is present in each of the retroviral overlaps), only three A-site codons are found: UUA, UUU, and AAC (Table 1) . Two of these three (UUA and UUU) are also present as P-site codons in certain frameshift sites (Table 1) . Discovery of the special features (if any) of the ~~~A § that mediate frameshifting in retroviral genes must await their purification and sequencing.
The Role of the Stem-Loop In addition to the sequences at the frameshift site, ribosomal frameshifting at the end of the RSV gag gene is dependent on an RNA secondary structure located just 3'to this site. The importance of the stem-loop structure is illustrated by the inhibition of frameshifting caused by stem-disrupting mutations and, most convincingly, by the recovery of high-level frameshifting when two complementary mutations, which are separately deleterious, are combined in the same mRNA.
Possible Functions for the Stem-Los
The presence of a downstream RNA secondary structure could influence ribosomes at the frameshift site in a number of ways. The stem or loop could be the binding site for a ribosomal protein or RNA or a soluble elongation factor; this binding could then affect the fidelity of the ribosome-tRNA interaction at the decoding sites. The stemloop could directly displace the ribosome from its O-frame alignment by interfering with normal tRNA translocation, effectively"pushing" the ribosome into the -1 frame. During frameshifting in the E. coli RF2 gene, an mRNA sequence upstream of the frameshift site binds a segment of 16s RNA (that which normally binds the Shine-Dalgarno sequence during initiation). This binding is thought to facilitate movement of the ribosome into the +l frame.
Another possible role for the stem-loop, one for which we have some experimental support, is as a translational barrier that simply causes ribosomes to pause at the frameshift site, allowing increased time for the ribosomebound tRNAs to reach an alternative configuration on the mRNA. Translational time-course experiments with RSV RNA derivatives have shown that some fraction of ribosomes do pause at or near the frameshift site and that the extent of pausing is greatly reduced when the stem-loop structure is perturbed (T J. and f-i. E. V, unpublished observations). The enhancement by adjacent stop codons of frameshifting efficiency along certain sequences in E. coli (Weiss et al., 1987) might also be explained by translational pausing (during decoding of the terminator), broadening the time window for tRNA realignment.
The Structure of the RNA Throughout this text we have referred to the necessary RSV RNA secondary structure as a stem-loop, and it is clear from the effects of mutations and complementary mutations that the proposed major stem is a tive structure. There are indications, however, that the structure may be more complex. First, the 65 nucleotides between the two arms of the major stem are predicted to form two additional stem-loop structures ( Figure 5A ). Second, the E deletion described above, which leaves the proposed structure intact, nevertheless greatly inhibits frameshifting. This result is consistent with an important tertiary interaction-for example, between unpaired nucieotides in the loop and nucleotides downstream of the major stem, a so-called pseudoknot structure (Pleij et al., 1985; Puglisi et al., 1988) .
A Frameshift Cassette
The availability of a short RNA sequence capable of inducing high-level frameshifting is useful for many purposes, including the production of a fixed ratio of two proteins related at their amino termini. As shown above, all of the sequences necessary for high-level frameshifting are contained in a 147 nucleotide RSV RNA sequence. We have previously reported production of a transframe protein directed by a 50 nucleotide sequence derived from HIV-l . However, while we have observed frameshifting on these cassettes in two settings, we do not expect them to function equally well in all contexts. At least for RSV, RNA structure is critical for frameshifting, and a perturbation of that structure by new surrounding sequence would be expected to lower frameshifting efficiency. In fact, an alternative explanation for the poor efficiency of the E deletion mutant (rather than the tertiary interaction suggested above) is that the novel 3' sequence abutting the stem destabilizes the structure.
The Generality of Stem-Loop Involvement in Retroviral Frameshifting Documentation of the importance of a stem-loop structure in the RSV frameshifting reaction supports the view that all retroviral frameshifting events are dependent on downstream RNA structure. The argument is strengthened by the presence of potential stem-loop structures (showing little primary sequence homology) downstream of all putative retroviral frameshift sites (Jacks et al., 1987, 1988, and unpublished observations) . However, experiments we have recently performed with HIV-1 indicate that this view may be too simplistic. In a series of constructs in which the HIV-l gag-pal sequences downstream of the frameshift site were replaced by heterologous sequences, we observed variable effects on frameshifting efficiency (Madhani et al., 1988) . In one case the efficiency was reduced approximately lo-fold, while in others (including specific stem-destabilizing mutations) it was not significantly different from that determined for wild-type HIV-l RNA (Madhani et al., 1988) . These results demonstrate that sequences downstream of the HIV-l frameshift site can influence frameshifting efficiency but also that highlevel frameshifting can occur at this site, at least in vitro, in the absence of an obvious downstream stem-loop structure.
Frameshift Sites in Other Genes
Eukaryotic cells use several mechanisms to overcome the limitations of constrained translational initiation in order to express multiple protein products from individual genes. These mechanisms include: polyprotein synthesis, the production of multiple mRNAs (through the use of alternative sites of transcriptional initiation, splicing, or polyadenylation, or mRNA editing), and termination suppression. The potential for high-level ribosomal frameshifting in-troduces yet another means to generate multiple proteins from individual genes and, in fact, individual mRNAs.
Frameshifting in eukaryotic cells is not limited to retroviruses and their related transposable elements. Brierley et al. (1987) have recently reported high-level frameshifting in the Fl/F2 overlap of the coronavirus avian infectious bronchitis virus (IBV). Although the site of this -1 frameshift has not been identified, the U UUA AAC sequence contained in the FllF2 overlap is a likely candidate. This sequence is also present in two retroviral overlaps (Table  1 ) and, as shown above, allows efficient frameshifting when placed at the end of RSV gag. The putative IBV frameshift site is also followed closely by a GC-rich stemloop structure (Brierley et al., 1987) .
To begin to investigate whether frameshifting occurs in other, nonretroviral genes, we have recently conducted a computer-assisted search of eukaryotic gene sequences for the four heptanucleotide frameshift sites shown in this report to allow efficient frameshifting in RSV gag (R. Colgrove, T. J., and H. E. V., unpublished). While these sequences occur much less frequently than would be expected from statistical considerations, they are found, in the correct reading frame, in many cellular and viral genes. However, only four of the potential frameshift sites uncovered in our search (all present in viral genes) are followed by stem-loop structures of significant stability. Three of these sites are present in the analogous position in three alphavirus genomes (Garoff et al., 1980; Rice and Strauss, 1981; Dalgarno et al., 1983) ; the fourth is located in the genome of tobacco etch virus (Allison et al., 1986) . There is no independent evidence that frameshifting occurs at any of these sites. We are currently assaying them for activity in vitro.
While our search failed to identify obvious cellular candidates for frameshifting, attention to those signals that allow efficient frameshifting in retroviral genes should hasten discovery of cellular counterparts.
Experimental Procedures
Amino Acid Sequencing GP-S RNA and +3U-S RNA were translated in 500 ]*I rabbit reticulocyte translation reactions (Promega) supplemented with [?S]methionine and either 13H]leucine, [3H]isoleucine, or [3H]phenylalanine (Amersham). Protein A-containing products were purified with rabbit IgG-Sepharose (Pharmacia). Subsequently, amino acid sequence analysis was performed as described . The piasmids that code for the sequenced transframe proteins, pGP-S and p+3lJ-S, were derived from the plasmid pHSS by replacing the HIV sequences between the Avrll site located 6 nucleotides from the initiator AUG and the BssHll site that borders the protein A gene segment with an Avrll-BssHII RSV gag-pal fragment. (These restriction sites are located at positions 2458 and 2724. in the sequence of Schwartz et al. [1983] .) The RSV fragments were isolated from Ihe wild-type plasmid pGP (Jacks and Varmus, 1985) (pGP-S) or the +3U mutant described here (+3&S).
Site-Directed
Mutagenesis The protocol used for site-directed mutagenesis is an adaptation of that of Lewis et al. (1983) . The plasmid pGP (or mutant derivatives) was linearized at a Hpal site located 248 nucleotides downstream of the gag terminator (position 2731 in the sequence of Schwartz et al. 119831) and briefly digested with exonuclease Ill (New England Biolabs). (The extent of exonuclease III digestion was assayed using mung bean nuclease [New England Biolabs]; plasmids that had approximately 400 nucleotides removed from each end were used as the substrates for mutagenesis.) Mutagenic oligonucleotides (10 PM) were added to 0.5 ug of exonuclease Ill-treated plasmid in a 5 ul reaction mixture containing 50 mM Tris-HCI (pH 8.0) 20 mM KCI, 7 mM MgCIs, 0.1 mM EDTA, and 10 mM j3-mercaptoethanol, and heated to 65% for 5 min. After cooling to room temperature (5 min), nucleotides (150 uM dCTP 150 uM dGTP, 150 PM TTP 50 uM dATP and 50 uM ATP), T4 DNA ligase (0.50 U; New England Biolabs), and Klenow fragment (2.5 U; Boehringer) were added in a volume of 5 ~1, and the reaction was incubated for 8-12 hr at 15°C. The reactions were then ethanol precipitated in the presence of 2.5 M ammonium acetate and used to transform E. coli strain HBlOl. Colonies harboring mutant plasmids were identified by hybridization to s*P-labeled mutagenic oligonucleotides. The sizes of the mutagenic oligonucleotides ranged from 20-34 nucleotides. The mutations were verified by double-stranded DNA sequencing (Chen and Seeburg, 1985) .
SP6 transcription reactions and rabbit reticulocyte translations were performed as described (Jacks and Varmus, 1985) .
Construction
of Deletion Mutants The plasmid pGP (Jacks and Varmus, 1985) was first digested with Hindlll (position 2740 in the sequence at Schwartz et al. [1983] ) and treated with Bat31 (IBI) according to the specifications of the manufacturer. The ends of the DNA were then blunted with T4 DNA polymerase (Boeringer), and Kpnl linkers (Collaborative Research) were added using T4 DNA ligase (IBI). After exhaustive digestion with Asp718 (an isoschizomer of Kpni) and Pvul (which cuts in the vector sequence), the resulting fragments were ligated to complementary fragments from the plasmid pAGP previously digested with Asp718 and Pvul. (The Asp718 site in pAGP is in the 3'end of the HIV-I polgene and corresponds to position 3707 in the sequence of Power et al. 119861 .) The resulting plasmids were sequenced by the method of Chen and Seeburg (i985) using a primer complementary to the HIV-I poi sequences. In all but two of the deletion mutants tested, the RSV pal and HIV pal sequences were in frame. For mutants B and E, the frame had to be corrected by digesting the plasmids with Asp718 and filling in the 5'overhang using the Klenow fragment of DNA polymerase I (New England Biolabs).
A second set of deletion mutants was constructed by replacing the RSV sequences upstream of the Pstl site located near the end of RSV gag (position 2450 in Schwartz et al. 119833 ) with sequences from the 5' end of the GS-sAg gene. The original truncation plasmids were cleaved with Pvul (which cuts in the vector) and Pstl and were ligated to a complementary Pvul-Pstl fragment from an SP6 promoter-containing plasmid (Melton et al., 1984) carrying the complete GS-sAg gene. The Pstl site in GS-sAg corresponds to position 1518 in Seeger et al. (1984) . SP6 transcription reactions, rabbit reticulocyte translations. and immunoprecipitations were carried out as described (Jacks and Varmus, 1985) .
